Study design: Only few studies have been published about diffusion-weighted imaging (DWI) within 24 h of traumatic spinal cord injury (tSCI). Objectives: The purpose of this study was to compare the imaging findings from conventional magnetic resonance imaging (MRI) and DWI in seven tSCI patients with findings in the existing literature. Methods: Seven patients with tSCI at neurologic levels C2-T10 were examined with conventional MRI and DWI within 24 h postinjury. DWI was obtained with a b-factor of 1000 s mm -2 . American Spinal Injury Association (ASIA) scores and Spinal Cord Independence Measurement (SCIM) II item 12 after 12 months were collected. In addition, MEDLINE was searched from 1995 to 2010 to identify clinical tSCI studies reporting on MRI, DWI and apparent diffusion coefficient maps within 24 h post-injury to perform a meta-analysis. Images obtained with a b-factor of 1000 s mm -2 were compared with lower b-factors. Differences were calculated using w 2 tests. Results: No associations were identified between the images of the seven tSCI patients and ASIA or SCIM II scores. Eighteen SCI patients (11 from the retrieved publications) were included in the meta-analysis. The detection rates of hyperintense signals on T2-weighted and DW imaging did not show significant differences at 94 and 72%, respectively. In addition, there were no significant differences in detection rates or diffusion abnormalities between subjects in whom DW images were obtained with a maximum b-factor of 1000 or o1000 s mm -2 . Conclusion: Our analysis suggests that T2-weighted and DW imaging have comparable detection rates for spinal cord damage in tSCI patients within 24 h post-injury.
INTRODUCTION
In traumatic spinal cord injury (tSCI), much effort has been placed on evaluating SCI severity to predict recovery potential. However, an increasing number of SCI studies have begun shifting their research focus from care to cure. [1] [2] [3] It is assumed that patients with more severe SCI respond differently to neuroprotective interventions than do patients with less severe SCI. An accurate prediction of the initial damage of the spinal cord that more exactly differentiates between the severity of SCI may help physicians in choosing neuroprotective interventions in the acute phase.
Conventional magnetic resonance imaging (MRI) is currently the best imaging modality for evaluating tSCI during the acute phase. 4 Standard clinical MRI sequences effectively identify spinal cord compression, edema and hemorrhage in the spinal cord. In addition, the presence of large intraparenchymal hemorrhages is a well-known predictor of poor outcome following tSCI. 5 Conventional MR sequences, however, do not provide enough information about the integrity of the critical, long white-matter long tracts responsible for the observed functional deficits after SCI. Previous studies have established that diffusion-weighted imaging (DWI) may have diagnostic value for SCI. [6] [7] [8] DWI evaluates the free Brownian motion of water molecules in vivo. Spinal cord white-matter tracts are well organized in the craniocaudal direction, so diffusion is anisotropically oriented, with a higher apparent diffusion coefficient (ADC) along the fibers than transversely. DWI, therefore, can be used to evaluate the integrity of white-matter tracts in the spinal cord, and has the potential to provide information beyond the anatomic or spatial data provided by conventional MRI techniques. To illustrate, Shanmuganathan et al. 8 identified decreased ADC values throughout the cervical spinal cord of SCI patients which were not seen on conventional MRI. The authors concluded that these abnormalities were greatest at the cord injury site and may reflect injury severity. 8 Currently, the neurological examination is the most sensitive tool in predicting outcomes after the initial damage of the spinal cord in SCI patients. 9 The neurological examination based on the American Spinal Injury Association (ASIA) scores is considered to be reliable and prognostic in patients who are tested 72 h after the initial trauma. 10 Within 72 h post-injury, several factors, such as spinal shock, medical instability, concomitant brain injury or coma, affect the reliability of the neurological examination. 11 In the therapeutic management of tSCI patients, the optimal timing of decompressive surgery remains controversial. A recent study stated that surgical decompression (within 24 h post-injury) should be considered a part of the neuroprotective management of any tSCI patient. 12 The purpose of this study was (1) to compare the detection rates for spinal cord damage on conventional MR and DWI within 24 h postinjury; (2) to compare different b-factors used for DWI of the spinal cord; and (3) to compare the results with previously published data.
MATERIALS AND METHODS

Study population
For this study, we used data that were prospectively collected from tSCI patients. Data were collected from patients primarily referred to the Emergency Department of our level 1 trauma center between March 2008 and August 2009. Patients X18 years of age were included in our diagnostic trauma protocol. All patients were examined with conventional MRI and DWI within 24 h post-injury. The ADC maps were also generated from the DWI. Neurological assessments and functional outcomes in this database were collected at five time points: during the acute phase (that is, within the first 15 days after injury), and at 1, 3, 6 and 12 months after the injury. Clinical assessments were conducted by trained neurological and rehabilitation physicians who had at least 1 year experience in examining patients with SCI.
The study protocol was approved by the local ethics committee, and written, informed consent was obtained from all subjects. See also http://www. trialregister.nl, study ID: NTR1381
Imaging
MRI studies were performed on a Siemens Avanto 1.5-T. magnet using a spine array coil (Erlangen, Germany). Sagittal T1-W SE (spin echo time) MR images (TR/TE (time of repetition/time of echo) 550/10 ms, 3 mm slice thickness), T2-W TSE (turbo spin echo time) MR images (TR/TE 4800/102 ms, 3 mm slice thickness), true inversion recovery magnitude (TIRM) images (TR/TE/time of inversion (TI) 1650/15/860 ms, 3.5 mm slice thickness) and axial T2-W TSE MR images (TR/TE 1500/123 ms, 3 mm slice thickness) were acquired in all patients. In addition, sagittal T2-weighted gradient-echo sequences were performed to identify possible hemorrhages in the spinal cord. DWI was performed in a sagittal plane in all patients using multi-shot echo planar imaging (EPI) with the following parameters: field of view (FOV) 280Â280 mm 2 or 350Â350 mm 2 ; slice thickness 3 mm; TR/TE 200/89; number of b-factors 2; and number of signal averages (NSA) 10. The minimum and maximum b-factors were 0 and 1000 s mm -2 , respectively. Diffusion encoding gradients were played out sequentially along all three principal axes on a per-pixel basis. ADC maps were generated from the DWI on a pixel-by-pixel basis with software supplied by the manufacturer. The ADC values of the lesion in the cord were measured by visual assessment by drawing small ROIs (regions of interests) on the ADC maps with T2-weighted images as a reference. The ROI analysis is considered to be a reliable method for measurements of lesions in MRI. 13 To minimize the influence of small movements during scanning of T2-weighted images and DWI, image registration was performed. We set the size and location of the ROIs so as to include only the lesion, and averaged three measurements. The images were evaluated for all subjects by an experienced neuroradiologist (AMvdV) who was blinded for the patients' clinical status. The sagittal T2-weighted and DW images were graded as normal, hyperintense or hypointense. The sagittal ADC maps were graded as normal, decreased or increased diffusion.
Neurological outcome
Neurological examinations were conducted according to the ASIA standards. 14 This requires the SCI patient to demonstrate his/her residual strength in 10 muscle groups in the arms and legs, and to report their sensation to pin-prick and light touch throughout the body, including the peri-anal region. On the basis of the ASIA sensory and motor scores, the neurological level of injury and ASIA impairment scale (AIS) were determined. For the analysis, only patients with an AIS A-D, an neurological level of injury between C2 and T10, and completely conducted examinations within 15 days post-injury (acute phase) and 12 months post-injury were included.
Functional outcome
The Spinal Cord Independence Measurement (SCIM) II is an instrument that focuses on performing everyday tasks, and captures the disability, as well as the impact of disability, on the patient's overall medical condition and comfort. 15 The SCIM II consists of three main categories, namely (1) self-care, (2) respiration and sphincter management and (3) mobility. 16 As independent ambulation is a high priority for recovery among SCI patients, 17 the chronic phase scores from item 12 of the SCIM II (indoor mobility) were collected in each patient. This SCIM mobility item has a range of 0-8. The indoor mobility is scored as (0) requires total assistance; (1) needs an electric wheelchair or partial assistance to operate manual wheelchair; (2) moves independently in a manual wheelchair; (3) requires supervision while walking (with or without devices); (4) walks with a walking frame or crutches (swing); (5) walks with crutches or two canes (reciprocal walking); (6) walks with one cane; (7) needs leg orthosis only; and (8) walks without aid.
Retrieval of publications
A MEDLINE (PubMed interface) search was performed to compile a reference list of articles published between 1995 and March 2010. The search strategy used both key words and the following MeSH terms: spinal cord injuries; traumatic spinal cord injury; Magnetic Resonance Imaging; and Diffusion Magnetic Resonance Imaging. The abstracts and references from all identified articles were also examined for importance, relevance and overlap by two reviewers (MHP and AMvdV).
All clinical studies reporting on MRI and DWI in subjects with a tSCI were eligible for analysis. The findings of this study were compared with those in published series. Case reports were also included. Only studies or case reports in which the sagittal imaging was performed p24 h post-injury were included. Studies that failed to report the interval between injury and MR imaging and the DWI technique used were excluded. The qualitative and quantitative ADC analysis of the spinal cord lesions was included. The ADCs of these studies were also graded as normal, decreased or increased diffusion.
Statistics
Descriptive statistics on age, gender and AIS were used to provide general information about the study population. As only patients with spinal cord damage were included for the meta-analysis (that is, an abnormal neurological examination being the gold standard), the detection percentage for spinal cord damage was calculated for T2-weighted images and DW images. By applying the qualitative interpretation of the ADC maps, we also evaluated any differences in possible diffusion abnormalities.
As the DW images in our study were obtained with EPI using a maximum b-factor of 1000 s mm -2 , we compared our images with the images from other studies that were obtained using a lower b-factor than 1000 s mm -2 . The differences in the number of patients with hypo-or hyperintensity on T2-weighted images and DW images were calculated using a w 2 or Fisher's exact test, as appropriate. The differences were considered statistically significant at Po0.05. Data were analyzed using SPSS software (version 16.0, SPSS, Chicago, IL, USA).
RESULTS
A total of 10 patients who were admitted to our trauma center following blunt force trauma were included. All of these 10 patients were suspected of having an SCI, as assessed by the attending trauma surgeon at admission. Mechanisms of injury included motor vehicle accidents (n¼4) and falls from heights (n¼6). However, two patients had a motor and/or sensory deficit that was not attributable to an SCI. In addition, one polytraumatized patient (case no. 9) complained of a lower extremity sensory deficit at the scene of the accident. As the patient was sedated on arrival at our emergency department, a reliable neurological examination could not be performed and eventually this patient had no motor or sensory deficit. In these three subjects without SCI, the T2-weighted images, DW images and ADCs were all normal. A total of seven SCI subjects were thus included for the analysis, with a mean age of 62 years (range, 32-91 years). Of the seven SCI patients, the AIS were A (n¼2), C (n¼1) and D (n¼4).
The T2-weighted images showed a hyperintensity in the cord in six of the seven tSCI patients. The DW images showed hyperintensities in five of the seven tSCI patients. In one patient, both the T2 and DW images were graded as normal. None of the images was graded as hypointense. The ADC value (mean±s.d.) in the hyperintensities of these seven patients was 536 ± 94Â10 À6 mm 2 s -1 . In addition, the gradient-echo sequences showed no hemorrhages in the spinal cords of these seven tSCI patients. In case no. 8, DW images showed no abnormalities. The ADC, however, was only slightly decreased compared with the non-injured spinal cord. In addition, comparing the T2-weighted images with the b-factor 0 s mm -2 value of the DWI showed no discrepancies in the appearance of the abnormal signals.
Although the AIS improved in cases no. 6 (A-C) and 10 (D-E), no clear differences or associations were identified between the different AISs and/or item 12 of the SCIM and the findings on DWI in any of the seven tSCI patients .The only patient with a complete SCI, that is, AIS grade A, who did not improve in AIS grade also had the largest lesion size on the MR and DW images (see Figure 1) . However, our data of seven patients did not show an association between lesion size and neurological or functional outcomes (Table 1) .
MEDLINE search
Of the 32 articles from MEDLINE identified by the predefined key words, four studies were recognized as potentially relevant. Two studies were excluded, as one did not report the interval between injury and imaging and the other was not in English. 18, 19 One study 20 and one case report 21 could be accepted for further analysis after accounting for the inclusion/exclusion criteria. In these reports, a total of 11 tSCI patients, who received conventional MRI and DW imaging within 24 h post-injury, were included ( Table 2 ). None of the included studies reported standardized neurological or functional outcomes.
Meta-analysis
A total of 18 SCI patients (11 subjects from the retrieved publications and seven from this study) were included in the meta-analysis. Thirteen subjects were male patients and the mean age was 55 years 
Diffusion-weighted MRI within 24 h post-injury after tSCI MH Pouw et al (range, 2-91 years). The mean interval between time of injury and imaging was 10.4 h (range, 1-24 h
). The included studies both used a b-factor of o1000 s mm -2 , 700 21 and 424 20 s mm -2 , respectively. In 1/18 patients (6%), both the T2-weighted and DW images were graded as normal. In 4/18 (2%) other patients, no abnormalities on the DW images were identified, whereas hyperintensity was detected on T2-weighted images. In 13/18 patients, hyperintensity was observed on T2-weighted and DW images.
The detection rates of hyperintensities on T2-weighted imaging in subjects in whom DW imaging was performed with a maximum bfactor of 1000 s mm -2 and o1000 s mm -2 were 86 and 100%, respectively (P40.05). The detection rates of hyperintensities on DWI in subjects with a maximum b-factor of 1000 s mm -2 and o1000 s mm -2 were 71 and 73%, respectively (P40.05). In addition, the data showed no significant differences in decreased diffusion percentages between images obtained with a maximum b-factor of 1000 and o1000 s mm -2 .
Regardless of the b-factor used, the detection rates of signal abnormalities on T2-weighted and DW imaging were 94 and 72%, respectively. This difference, however, was non-significant (Table 2) .
DISCUSSION
In this study, the imaging findings from T2-weighted imaging and DW imaging were analyzed in seven subjects with tSCI, and further compared with results previously published in the literature. Our qualitative data analysis suggest that T2-weighted and DW images have a comparable detection rate for spinal cord damage in patients with tSCI within 24 h post-injury.
Although it is hypothesized that DWI may be more sensitive in detecting signal abnormalities than conventional MRI in patients with traumatic SCI during the acute phase (that is, within 24 h postinjury), our combined data do not suggest this. No significant differences in detection rates between T2-weighted imaging and DWI in tSCI patients were identified. A maximum b-factor of 1000 s mm -2 did not lead to higher detection rates or differences in diffusion abnormalities compared with lower b-factors. In addition, a study comparing a b-factor of 1000 s mm -2 in the detection of ischemic stroke showed that a higher b-factor of 3000 s mm -2 had no impact on the diagnosis of acute infarction. However, compared with 1000 s mm -2 , the b-factor of 3000 s mm -2 improved the graywhite matter differentiation on ADC maps and the visual assessment of decreased diffusion. 22 Lower b-factors would require shorter scanning time, an important factor in acute SCI setting. In practice, a bfactor of 1000 mm s -2 has been accepted to be reliable in DW imaging of the spinal cord. There is no clear benefit for choosing a b-factor of 1000 mm s -2 compared with lower b-factors in the detection of traumatic SCI. However, the quality of DWI images is improved with a b-factor of 1000 mm s -2 , which is important for measurements.
In 2006, the National Institute on Disability and Rehabilitation Research Spinal Cord Injury Measures Meeting made several recommendations about neuroimaging techniques that are applied in SCI patients. The commission stated that future DWI research should be focused on (1) the correlation between lesion size and clinical status and (2) the refinement of clinical and prognostic capabilities in close correlation with improvements in field strength and software. 9 In our own series, six of the seven SCI patients had a hyperintensity on T2-weighted images and five of the seven SCI patients had a hyperintensity on the DW images with decreased ADC values. With these numbers, any correlation between clinical status and neuroimaging lacks statistical power. To date, only two studies have evaluated the correlation between DW images and clinical status. 18, 20 Tsuchiya et al., 20 however, did not perform neurological assessments according to a standardized classification, such as the ASIA standards. Therefore, it is not clear whether the presence of hyperintensity on T2-weighted images and DW images might be associated with an incomplete or complete neurologic injury. For example, large and small regions of hyperintensity may be present in both an incomplete and a complete neurological injury. 23 In addition, this study 20 failed to use a standardized functional outcome scale, such as the SCIM, or functional independence measure items, 24 but rather, divided the functional outcome into a poor or fair outcome. In view of these methodological limitations, one might conclude that restricted diffusion is predictive of an unfavorable prognosis. The study by Shen et al. 18 conducted neurological examinations according to the ASIA standards, and these investigators showed that there was no correlation between DWI and neurological outcome in their study population of five patients. 18 Remarkably, the study concluded that future DWI may provide important information complementary to conventional MRI, and allow for a better prognostic evaluation of recovery. 18 The study by Marcel et al. 25 showed that, in some cases, the high signal on DWI in spinal cord lesions was associated with an increased signal on ADC, which means elevated diffusion. This can be explained by the T2 shine-through effect. 26 In addition, the acute phase in this meta-analysis was considered to be within 24 h post-injury. This time interval itself may be inadequate to investigate the correlation between images and neurological and functional outcomes using a qualitative interpretation. To illustrate, there is evidence that water accumulation in spinal cord parenchyma occurs as early as 2 h post-injury after SCI. 27, 28 This secondary injury mechanism may therefore be the reason that we were not able to identify any qualitative differences between T2-weighted and DW images, because this early edema can also be detected on T2-weighted images. Although we were not able to identify any differences between T2-weighted images and DWI within a time interval of 24 h post-injury, a recent study showed a higher sensitivity for the detection of early pathological changes after contusive SCI using DWI, compared with conventional MRI in 40 rabbits. 6 In addition, differences in ADC values between lesions in the mild, moderate and severe injury group were identified within a range of 30 min to 24 h post-injury. 6 Although our study used multi-shot EPI, the other studies used single-shot EPI 21 and SSFSE (single-shot fast spin echo). 20 Multi-shot EPI has been proven to be less sensitive to geometric and susceptibility distortions than single-shot EPI, and provides better resolution and less blurring than single-shot EPI. 29 In addition, multi-shot EPI was rated superior to SSFSE in one study. 29 Some limitations of this study warrant consideration. Our small study population of 18 patients limits any valid conclusions. The qualitative interpretation of the data is also a limitation of this study. Since no standardized ADC values exist, to date, and different imaging techniques and b-factors were used in the included studies, 20, 21 this qualitative data interpretation was chosen. Although we choose a qualitative interpretation, the different imaging techniques in this meta-analysis limit the clinical implications of our conclusions. With this interpretation, all ages were also included, although it is hypothesized that the ADC is higher in the aging spinal cord. 30 Since ADC values can be correlated with histologic parameters, that is, axonal loss, 31, 32 future studies with standard imaging techniques should focus on the correlation between standardized neurological and/or functional outcomes and quantitative data, such as the ADC or lesion size.
Two problems may exist for future MRI/DWI studies. First, due to the limited availability of MR imaging, obtaining MR/DW images from tSCI patients within 24 h post-injury is a logistic pitfall in most hospitals. Valuable time-to-intervention may be lost when waiting for these images. Second, the current technique is also limited. All data from the included images were performed on 1.5-T clinical scanners. When one considers the issue of spatial resolution and the desire to image a patient's spinal cord with a resolution that approaches in vitro cord imaging, the problem of insufficient signal becomes clear. 33 It may be that the 1.5-T scanners do not offer the high signal and image quality that would allow DWI of the spinal cord to be widely and routinely implemented. As our data suggest that DWI with the current 1.5-T scanners does not clearly improve the detection rate within 24 h post-injury, future studies should implement newer acquisition techniques 34 with the use of higher field strengths (3-T or higher), and should ideally be performed in large multicenter networks to investigate the prognostic capabilities of DWI in SCI.
CONCLUSION
Our qualitative analysis suggests that T2-weighted and DW imaging have comparable detection rates for spinal cord damage in 18 tSCI patients within 24 h post-injury. Future DWI studies in spinal cord injury should focus on the correlation between standardized neurological and functional outcomes and quantitative data such as the ADC and lesion size, to evaluate the prognostic capabilities of this technique.
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